Auxotrophic mutants of the yeast Saccharomyces cerevisiae are usually isolated in haploid strains because the isolation of recessive mutations in diploids is thought to be difficult due to the presence of two sets of genes. We show here that auxotrophic mutants of diploid industrial sake yeast strains were routinely obtained by a standard mutant selection procedure following UV mutagenesis. We isolated His
Auxotrophic mutants of the yeast Saccharomyces cerevisiae have played an important role in the development of classical genetic techniques, molecular biology, and genetic engineering (48, 49) . In classical genetic techniques, complementing auxotrophic mutations have often been used to select diploids in matings between MATa and MAT␣ haploid strains (53) . They have also been used as genetic markers for gene mapping by calculating meiotic recombination rates (50) . In genetic engineering and molecular biology, auxotrophic mutations and the corresponding wild-type genes have been used to select yeast transformants (45) . The one-step gene disruption procedure and other targeted gene manipulations involving mitotic recombination have also relied on the routine use of auxotrophs of laboratory yeast strains (46, 51) . These gene manipulation systems have led to the construction of a set of 6,000 gene knockout strains (57) . Thus far, progress in studies of yeast strains as model organisms has depended, in large part, on advanced genetic methods based on auxotrophic mutations and their respective marker genes. Unfortunately, the application of these methods is restricted to laboratory yeast strains and is not used for industrial yeast strains.
Industrial yeast strains are usually diploid or polyploid and carry no auxotrophic mutations (12, 17, 22) . For example, yeast strains commonly used for Japanese sake are diploid and prototorophic (31, 43) . Lager beer strains seem to be natural hybrids of S. cerevisiae and non-S. cerevisiae species and possess complex genomes (32a) . Many wine and baking yeast strains are also polyploid and prototrophic (21, 44, 54) . In addition to the polyploidy, many industrial yeast strains sporulate poorly or not at all (17, 22, 39, 56) . Therefore, breeding of industrial yeasts by crossing haploid strains is not common. Instead, molecular breeding by the introduction of useful genes through transformation has been developed. For this purpose, many dominant drug resistance markers have been used due to the absence of auxotrophic mutations (2, 5) . However, transformation efficiencies obtained with drug resistance markers are usually lower than those obtained with auxotrophic markers. Moreover, background colonies that are resistant to the drugs often arise in addition to the true transformants. Because many drug resistance markers are derived from bacterial antibiotic resistance genes, they cannot be used freely in industrial yeasts due to concerns of consumers about this aspect of genetically modified organisms (18, 29, 47) .
If auxotrophic mutants could be derived from industrial yeasts, then recombinant DNA technology could be applied to them more easily; in addition, because auxotrophic markers are derived from the yeasts themselves, strain construction by "self-cloning," acceptable for commercial use in Japan, would become possible. Self-cloning refers to the introduction of DNA from one strain into another strain of the same species (2, 10, 26) . To our knowledge, however, auxotrophic mutants of industrial yeasts have not been isolated routinely, possibly because the yeasts are diploid or polyploid. Previous efforts to obtain auxotrophic mutants of industrial strains used positive selection, such as 5-fluoroorotic acid (5-FOA) (40) or ␣-aminoadipic acid (41) selection, or enrichment with nystatin (43) or benomyl (13) . Thus far, the isolation of auxotrophic mutants of industrial yeasts has been thought to be difficult without the use of special selection procedures.
In this study, we compared the rates of survival of isogenic laboratory haploid and diploid strains following UV irradition or treatment with the chemical mutagen ethyl methanesulfo-nate (EMS). While the diploid exhibited greater survival than the haploid at the same doses of mutagen or irradiation, the lethality seemed high enough for the screening of mutants by conventional replica plating. Based on this result, we screened and obtained auxotrophic mutants of all sake strains used. Genes that complemented the auxotrophic mutations were isolated and used for constructing self-cloning yeast strains. The approach presented here is likely to change the way in which gene manipulations of industrial yeasts are performed.
MATERIALS AND METHODS
Strains and media. The strains used in this study are listed in Table 1 . Kyokai strains were obtained from the Brewing Society of Japan. Yeast strains were grown on YPD medium (1% yeast extract, 2% polypeptone, 2% glucose and, if necessary, 2% agar) at 28°C. For screening, minimal medium (MM; 0.17% yeast nitrogen base without amino acids and ammonium sulfate, 0.5% ammonium sulfate, 2% glucose, and 2% agar) was used. Stock nutrient solutions and pools of amino acids, purines, and pyrimidines were prepared according to published procedures (49). 5-FOA medium was prepared as described previously (14) . Escherichia coli strain DH5␣ and standard bacterial media were used.
Mutagenesis and mutant isolation. For the analysis of survival rates by UV mutagenesis, cells grown for 24 h at 28°C on a YPD medium plate were collected and suspended in sterile water. After the cell concentration was determined by counting, cells were spread on YPD medium plates. The plates were placed under a UV lamp (Toshiba GL15) at a distance of 35 cm and were irradiated for various periods of time (Fig. 1) . Following irradiation, the plates were incubated at 28°C, and the numbers of colonies were counted to determine survival rates.
For the analysis of survival rates by EMS mutagenesis, cells were inoculated into liquid YPD medium and grown for 24 h at 28°C. The cells were washed once with sterile water, diluted, and suspended in 1 ml of 0.1 M sodium phosphate buffer (pH 7.0). To the suspension, 30 l of EMS was added. After various incubation times, the cells were washed once with 1 ml of 5% sodium thiosulfate, suspended in water, and spread on YPD medium plates to determine survival rates.
In order to generate auxotrophic mutants, cells were diluted, spread on YPD medium, and exposed to UV for 20 s. Colonies grown on YPD medium plates (200 to 500 per plate) were replica plated on both MM and YPD medium plates. For strain RAK1546, MM plates supplemented with histidine were used. Colonies that failed to grow on MM plates were picked from YPD medium plates, streaked as single colonies, and tested for nutrient requirements on MM plates supplemented initially with various pools of nutrients and then with individual nutrients in order to identify the specific requirements of the mutants (49) .
Cloning of complementing genes. In order to clone the genes that complemented the auxotrophic mutations, auxotrophs were transformed with genomic libraries made from the laboratory strains by using a simple lithium acetate method (16) . The transformation mixture was spread directly on MM plates. For cloning of genes complementing the Lys Ϫ mutant of strain RAK1546, MM plates supplemented with histidine were used. The genomic DNA libraries used were constructed with the vectors YEp51B (7), pRS318 (51) , and pSMA112 (30) . The genomic libraries in pRS318 and pSMA112 were constructed by inserting partial Sau3AI digests of chromosomal DNA from strain RAK711 (MATa ade2 ura3 trp1 his3 leu2 ste4::HIS3 sst2::lacZ-URA3 STE7-101; isogenic to W303-1A) into the vector BamHI site. Plasmids were extracted by using a Zymoprep yeast plasmid minipreparation kit (Zymo Research, Orange, Calif.) according to the manufacturer's instructions. E. coli was transformed with the extracts, and inserts from the isolated plasmids were partially sequenced by using a BigDye Terminator cycle sequencing kit and an ABI Prism 310 genetic analyzer (Perkin-Elmer Applied Biosystems).
Plasmid constructs. The primers used and the plasmids constructed in this study are listed in Tables 2 and 3 , respectively. The marker genes for plasmid construction, except for HIS3, were amplified by PCR with Kyokai no. 7 chromosomal DNA as a template. PCRs were performed with KOD Dash DNA polymerase (Toyobo, Osaka, Japan) according to the manufacturer's instructions. The PCR program was initiated at 94°C for 1 min, followed by 25 or 30 cycles at 94°C for 20 s, 54°C for 2 s, and 74°C for 1 to 3 min. TRP3 was amplified with primers TRP3-1 and TRP3-2, and LYS4 was amplified with primers LYS4-1 and LYS4-2. pBlueKSϩAscI was constructed by inserting a phosphorylated AscI linker (5Ј-pGGCGCGCC -3Ј) into the SmaI site of pBluscript KS(ϩ) (Stratagene). TRP3 and LYS4 PCR fragments were digested with AscI and BamHI and inserted into the AscI-BamHI sites of pBlueKSϩAscI to form pBlueTRP3 and pBlueLYS4, respectively. A 1.8-kb DraIII-NotI fragment of pBlueKS ϩ M86 (4) containing GALp-GIN11M86 was inserted into the DraIII-NotI sites of pBlueTRP3 to form pGG121. A 2.5-kb BamHI-ScaI fragment of pBlueKS ϩ M86 was inserted into the BamHI-ScaI sites of pBlueLYS4 to form pGG122. pPpHIS3TDH3p and pKlURA3TDH3p contained Pichia pastoris HIS3 and Kluyveromyces lactis URA3, respectively, together with the TDH3 promoter (TDH3p), and were constructed (unpublished data) on the basis of vector pT7Blue (Novagen). A 1.2-kb HIS3 fragment was amplified with primers ScHIS3ϩ12 and SacIScHIS3 and with pGG113 (4) as a template. The AscI-SacI-digested HIS3 fragment was inserted into the AscI-SacI sites of pKlURA3TDH3p to form pScHIS3TDH3p. A 3.3-kb LYS4 fragment was amplified with primers LYS4ϩ12 and LYS4SacI. The AscI-SacI-digested LYS4 fragment was inserted into the AscI-SacI sites of pPpHIS3TDH3p to form pScLYS4TDH3p. Similarly, 2.3-kb TRP3 and 3.3-kb LEU4 fragments were amplified with primers TRP3ϩ12N and TRP3SacI and primers LEU4ϩ12 and LEU4SacI, respectively, and inserted into the AscI-SacI sites of pPpHIS3TDH3p to form pScTRP3TDH3p and pScLEU4TDH3p, respectively.
A 0.5-kb CEN/ARS sequence was amplified from pRS316 (52) with primers CEN/ARS121 and CEN/ARS122. The fragment was digested with AscI and inserted into the AscI sites of pScHIS3TDH3p, pScLYS4TDH3p, pScTRP3TDH3p, and pScLEU4TDH3p to form pScHIS3cat, pScLYS4cat, pScTRP3cat, and pScLEU4cat, respectively. A 1.4-kb fragment containing the 2m origin was amplified from YEp352 (24) with primers 352ori-121 and 352ori-122. The fragment was digested with AscI and inserted into the AscI sites of pScHIS3TDH3p, pScLYS4TDH3p, pScTRP3TDH3p, and pScLEU4TDH3p to form pScHIS3ori, pScLYS4ori, pScTRP3ori, and pScLEU4ori, respectively. A 1.4-kb SalI-XhoI fragment containing the HIS3 gene from pSK-HIS3 (4) was inserted into the SalI site of p305ATTDH3pATF1 (26) to form pSKHIS3-ATF1.
Strain construction. Yeast transformation was performed by using a simple lithium acetate method (16) . A 1.9-kb PCR fragment was amplified with primers ATF1-401 and ATF1-402 and with pScHIS3TDH3p as a template. The fragment contained HIS3, TDH3p, and 40 bp of sequences homologous to ATF1 at both ends. Strain RAK1536 was transformed with the fragment in order to insert HIS3-TDH3p upstream of ATF1 as described previously (35) . Correct insertion of the fragment was determined by colony PCR (6) with primers TDH3p-160 and NotI-ATF1. Strain RAK1536 was also transformed with XhoI-XbaI-digested pSKHIS3-ATF1 containing the ATF1 5Ј-noncoding region and the HIS3-TDH3p-ATF1 coding region. Correct insertion was determined by colony PCR with primers ATF1-UPXBA and ATF1-APA.
For the analysis of the alcohol fermentation ability of the mutants, a smallscale fermentation experiment was performed. For this, 9.5 g of rice and 3.0 g of Koji (G-50; Tokushima Seiko Co., Ltd.) were suspended in 17 ml of sterile water. To this tube, 1.2 ml of a 1-day-old yeast culture in YPD medium was added. Fermentation was performed at 8°C for 8 days. The ethanol concentration was measured with the alcohol detector Alcomate (Riken Keiki Co., Ltd.).
For the analysis of flavor components, strains Kyokai no. 7, RAK1536, and RAK1884 were inoculated into 7 ml of Koji extract prepared by incubating Koji powder suspension in 2 volumes of water at 50°C for 5 h, mixed with 0.5 g of a dry-powder preparation of Aspergillus oryzae, and incubated at 15°C for 7 day. The amount of isoamyl acetate was measured as described previously (10) .
RESULTS
Rates of survival of haploid and diploid strains following mutagenesis. Rates of survival of isogenic haploid and diploid strains were determined following UV mutagenesis and EMS mutagenesis. If one assumes that the induced rate of mutation for a single gene is about 10 Ϫ3 (49) in haploid cells, then the simultaneous rate of mutation for two homozygous genes in a diploid would be 10 Ϫ6 , which is much too low to allow detection by replica plating. If this simple calculation is applied to survival rates for diploid cells, based on induced mutations occurring in essential genes, few diploids would be expected to be killed even at doses found to be lethal for haploids. However, after exposure to UV for 30 s or incubation with EMS for 240 min, the survival rate for the diploid strain was less than 10% (Fig. 1) . This result indicates that the model of simultaneous double mutagenesis for homozygous alleles in a diploid is unlikely to apply in the yeast S. cerevisiae (28) . This result also suggests that even in a diploid, recessive mutations might be obtained by a conventional screening procedure. We decided to use UV mutagenesis because the survival curve for the diploid exposed to UV was closer to that of the haploid than the survival curve after EMS mutagenesis.
Auxotrophic mutants selected from industrial yeast strains. When Kyokai strains were exposed to UV for 20 s, survival rates ranged from 8.1 to 22.0% (Table 4) . Auxotrophic mutants were screened by a replica plating method. After exposure to (Table 5 ). The His Ϫ mutant RAK1536 derived from Kyokai no. 7 was used for mutagenesis and screening for constructing multiple auxotrophic mutants. The survival rate for RAK1536 exposed to UV for 20 s was 17.8%, similar to the first-round mutation frequency of 22.0% The Lys Ϫ mutant RAK1546 was isolated from RAK1536 at a frequency of 5 ϫ 10 Ϫ4 , resulting in a double mutant (His Ϫ Lys Ϫ ) derived from Kyokai no. 7. These results indicate that mutants carrying recessive mutations can be isolated by conventional replica plating even from diploid industrial yeast strains.
The alcohol fermentation ability of the mutants was examined with a small-scale rice-Koji mixture (Table 6 ). Except for the Met Ϫ mutant RAK1786, auxotrophic mutants produced alcohol concentrations equivalent to those produced by the parental strains, suggesting that UV mutagenesis did not affect fermentation ability significantly.
Cloning of genes complementing auxotrophic mutations. Genes complementing auxotrophic mutations were cloned by transforming the auxotrophs with wild-type yeast genomic DNA libraries and plating transformants directly on MM or MM-His plates. Colonies were picked, and plasmids were extracted. Mutants were retransformed with cloned plasmids for confirmation, and plasmid inserts were partially sequenced. The sequence data indicated the presence of the HIS3, TRP3, and LYS4 genes in plasmids p1685 (RAK1536: pSMA112 library), p1688 (RAK1922: pRS318 library), and p1687 (RAK1546: YEp51B library), respectively. All Trp Ϫ mutants were transformed with the plasmid containing TRP3. RAK1787, RAK1923, RAK1924, RAK1925, and RAK1927 were complemented, but RAK1788 and RAK1926 were not, indicating that the former strains were trp3 (Table 5) . Attempts to clone genes complementing other auxotrophic mutations were not successful.
The leucine biosynthetic pathway contains three enzymes, ␣-isopropylmalate synthase (Leu4), ␣-isopropylmalate isomerase (Leu1), and ␤-isopropylmalate dehydrogenase (Leu2). In order to identify the mutant gene in the Leu Ϫ mutant RAK1763, the strain was transformed first with a plasmid containing LEU2 and separately with LEU1 generated by PCR with primers LEU1-1 and LEU1-2 ( Table 2) . No transformants were obtained with either method. Strain RAK1763 then was transformed with a plasmid carrying PCR-generated LEU4 (Table 3) . Transformants were obtained, indicating that strain RAK1763 was leu4.
Construction of plasmids with auxotrophic markers. Because we obtained auxotrophic mutants of the Kyokai strains and identified the complementing genes, we constructed vectors for gene manipulations of the strains. TRP3 and LYS4 were cloned by PCR from Kyokai no. 7 chromosomal DNA and used to construct the counterselective vectors pGG121 and pGG122 (Table 3) . These plasmids can be used for twostep gene replacement in the trp3 and lys4 mutants of the Kyokai strains (10, 26) . In addition to the counterselective plasmids, we constructed plasmids for gene overexpression applicable to self-cloning. The plasmids contained TDH3p for constitutive overexpression, adjacent to the auxotrophic markers. Low-copy number (CEN/ARS) and high-copy-number (2m) plasmids were also constructed ( Table 3) .
Construction of ATF1 overexpression strains by one-step cloning. The overexpression of ATF1 was reported to produce a large amount of isoamyl acetate, a banana-like flavor, in Jap- anese sake and other alcoholic drinks (19, 34, 36) . In our previous study (26) , an ATF1-overexpressing sake strain was constructed by inserting TDH3p at the 5Ј end of ATF1 by a two-step replacement protocol with a drug resistance marker. The constructed strain contained exclusively yeast DNA. However, the construction process was complicated due to the insertion and subsequent excision of the drug resistance marker. In the present study, similar TDH3p-ATF1 strains were constructed by the one-step protocol. First, a PCR fragment was amplified with primers ATF1-401 and ATF1-402 and with pScHIS3TDH3p as a template to generate 40-bp sequences homologous to ATF1 at both ends. One was from the 5Ј upstream noncoding region, and the other was from the N-terminal coding region ( Fig. 2A) . RAK1536 was transformed with the fragment several times. Among 11 His ϩ transformants, only one (RAK2196) contained the correct insertion, as judged by colony PCR with primers TDH3p-160 and NotI-ATF1 (Fig.  2B) . The low integration efficiency may have been due to the use of short homologous sequences. Therefore, we constructed pSKHIS3-ATF1, in which the yeast HIS3 marker was inserted between the 5Ј noncoding ATF1 sequence and TDH3p-driven ATF1 of plasmid p305ATTDH3pATF1 (26) (Fig. 2C ). An XbaI-XhoI fragment of pSKHIS3-ATF1 containing a long 5Ј noncoding region and an ATF1 coding region at either end of HIS3-TDH3p was introduced into RAK1536 by transformation (Fig. 2D) . Three transformants were obtained; two (RAK1883 and RAK1884) out of the three showed the correct insertion because two bands (3.5 and 5.6 kb) were seen by colony PCR with primers ATF1-UPXBA and ATF1-APA, whereas Kyokai no. 7 and RAK1536 showed only a 3.5-kb band (Fig. 2E) . The 3.5-kb band corresponded to the wild-type ATF1 fragment, and the 5.6-kb band corresponded to the HIS3-TDH3p insert, indicating that correct insertion occurred in one chromosome of the diploid Kyokai no. 7 strain. Kyokai no. 7, RAK1536, and RAK1884 were incubated at 15°C for 7 days in Koji extract, and the flavor components were measured. The TDH3p-ATF1 integrant produced a larger amount of isoamyl acetate (15.4 ppm) than the parental strains (5.7 ppm in Kyokai no. 7 and 5.9 ppm in the his3/his3 mutant), suggesting that the overexpression of ATF1 occurred. The levels of alcohol production by these strains were 17.5% in the TDH3p-ATF1 integrant, 18.2% in Kyokai no. 7, and 18.1% in the his3/his3 mutant, indicating that fermentation ability was not affected by mutagenesis.
DISCUSSION
Due to the presumed diploidy or polyploidy of industrial yeast strains (12, 17, 21, 22) , screening for recessive mutations by replica plating has not been routinely used as it has been for haploids. Instead, mutants of industrial yeast strains have been isolated by positive selection for drug or stress resistance phenotypes (8, 9, 11, 20, 27, 32, 37, 40, 41, 54) or by enrichment procedures (13, 33, 42, 43) . Here we show that mutants carrying auxotrophic recessive mutations can be routinely isolated in industrial sake strains by replica plating at frequencies ranging from 5.3 ϫ 10 Ϫ4 to 2.0 ϫ 10 Ϫ3 . In order to explain the higher-than-expected frequencies for the diploid sake strains, we propose that following the initial induction of a mutation in one allele, a loss of heterozygosity (LOH) is likely to have occurred (1, 23, 25, 28) . Alternatively, it is possible that the sake strains were heterozygous at some of the relevant loci prior to mutagenesis and that the mutagenesis simply induced LOH, perhaps through mitotic gene conversion or mitotic crossover (38) .
To observe LOH under the conditions used in this study, a ura3 Ϫ mutant was selected from URA3 ϩ haploid strains, from a homozygous URA3 ϩ /URA3 ϩ diploid strain, and from a heterozygous ura3 Ϫ /URA3 ϩ diploid strain by plating on 5-FOA following UV mutagenesis. The number of 5-FOA-resistant colonies obtained from the heterozygous diploid was more than 100-fold greater than that obtained from either the haploid strains or the homozygous diploid (data not shown), indicating that LOH was possible under our conditions. Mitotic crossover occurred more frequently in genes located far from the centromere (38) . All identified auxotrophic mutations (his3, leu4, lys4, and trp3) in this study were located more than 200 kbp away from the centromere. Therefore, it is possible that the homozygous alleles were produced by mitotic crossover after UV mutagenesis. Although several studies have reported relatively high frequencies of recessive mutations in diploid strains of S. cerevisiae (1, 25, 28) , the isolation of auxotrophic mutants of diploid strains has not been investigated systematically. To the best of our knowledge, this is the first report showing the isolation of mutants of diploid strains by conventional mutagenesis and screening procedures used for haploid strains.
If the Kyokai strains already contained heterozygous auxotrophic mutations, then induced mutations in the wild-type alleles and/or LOH would produce homozygous mutant alleles. Kyokai no. 901 seemed to be such a case. Among six independent auxotrophic mutants selected from Kyokai no. 901, five were trp3. However, further analysis is required to confirm this hypothesis.
We also determined mutation frequencies following sequential UV mutagenesis of Kyokai no. 7. If UV mutagenesis had caused significant damage to chromosomal DNA, then it likely would have impaired fermentation ability and caused significant lethality. RAK1536, a his3 mutant derived from Kyokai no. 7 by UV mutagenesis, was used as a parental strain for a second round of UV mutagenesis. The second mutagenesis resulted in similar survival rates and frequencies of auxotrophic mutants, indicating that the first round of UV mutagenesis may not have induced many mutations leading to heterozygosity.
Contamination of haploid cells in a population of diploid cells can explain elevated frequencies of induced auxotrophic mutants. However, this scenario was unlikely because no sporulation of any of the Kyokai strains was observed under the experimental conditions. Further, none of the selected mutants mated as either MATa or MAT␣ (data not shown). In addition, transformants harboring the TDH3p-ATF1 fragment produced two PCR bands (Fig. 2E) , one derived from the wild-type chromosome and the other derived from the chromosome containing the integrated fragment, indicating that the strains were diploid. Also, the fermentation ability of the mutants was similar to that of the parental strains (Table 6) . Thus, the auxotrophic mutants were unlikely to have been haploid contaminants.
If gene manipulations of industrial yeast strains are performed with a drug resistance marker on a bacterial plasmid, then the removal of the drug resistance marker and bacterial DNA sequences from the yeast transformant is an essential step prior to commercial application; hence, we developed a method to counterselect for the loss of the unwanted sequences (3, 4, 10, 26) . However, if yeast auxotrophic markers can be used in conjunction with auxotrophic industrial mutants, then the removal of the markers will be unnecessary. Based on this concept, we constructed a selfcloning yeast by inserting a HIS3-TDH3p fragment, containing only yeast DNA, into the 5Ј upstream region of ATF1 in Kyokai no. 7. A PCR-amplified fragment containing 40 bp of homologous sequences at both ends of HIS3-TDH3p was used for the gene disruption (35, 57) . However, the frequency of correct insertions of the PCR fragment was low; only 1 out of 11 insertions was correctly targeted. Integration may have occurred at one of the two his3 alleles in the his3/his3 host. On the other hand, two out of three transformants were correctly targeted when a longer plasmid fragment was used for transformation. The use of industrial strains harboring complete gene deletions for auxotrophic markers would greatly reduce undesirable recombination between the introduced markers and the mutant loci. The construction of such deletion strains, as already done for In conclusion, this study challenges the view that it is difficult to isolate recessive mutants from industrial diploid strains of S. cerevisiae and shows that, surprisingly, traditional methods previously used with laboratory haploid strains are effective for mutational and molecular breeding of industrial strains.
